Columnar cell lesions have been proposed as precursor lesions of low-grade breast cancer. The molecular characteristic of low-grade breast neoplasia is whole-arm loss of chromosome 16q. Copy number changes of 6 genes on 16p and 20 genes on 16q were analysed by multiplex ligation-dependent probe amplification in 165 lesions of 103 patients. Twenty-three columnar cell lesions and 19 atypical ducal hyperplasia lesions arising in columnar cell lesions were included, as well as cases of usual ductal hyperplasia, blunt duct adenosis, ductal carcinoma in situ, lobular neoplasia and invasive carcinoma. Usual ductal hyperplasia and blunt duct adenosis lacked whole-arm losses of 16q. In contrast, columnar cell lesions without atypia, columnar cell lesions with atypia, atypical ductal hyperplasia, low-grade ductal carcinoma in situ and low-grade invasive carcinomas increasingly harboured whole-arm losses of 16q (17%, 27%, 47% and 57%, respectively). However, no recurrent losses in specific genes could be identified. In several patients, columnar cell lesions and atypical ductal hyperplasia harboured similar losses as related ductal carcinoma in situ or invasive carcinomas within the same breast. There were indications for 16q breakpoints near the centromere. Whole-arm gains on 16p were relatively scarce and there was no relation between whole-arm gains of 16p and progression of lesions of the low-grade breast neoplasia family. In conclusion, columnar cell lesions (with and without atypia) often harbour whole-arm losses of 16q, which underlines their role as precursors in low-grade breast carcinogenesis, in contrast with usual ductal hyperplasia and blunt duct adenosis. However, no recurrent losses in specific genes could be identified, pointing to minor events in multiple tumour suppressor genes rather than major events in a single 16q gene contributing to low-grade breast carcinogenesis.
Introduction
Columnar cell lesions of the breast are cystically dilated enlarged terminal duct lobular units lined by columnar cells often with apical cytoplasmic blebs or snouts present at the luminal surface. The lining consists of one or two (columnar cell change), or more (columnar cell hyperplasia) cell layers. Intraluminal secretions and microcalcifications are frequently seen [1] . In columnar cell lesions with atypia, the columnar cells show nuclear atypia of relatively round to ovoid, sometimes irregular nuclei with prominent nucleoli and an increased nuclear/cytoplasmic ratio. In addition, the nuclear orientation along the basement membrane can be disturbed. Complex architectural patterns upgrade a columnar cell lesion to atypical ductal hyperplasia or lowgrade ductal carcinoma in situ [2, 3] . Columnar cell lesions with atypia have also been denoted flat epithelial atypia [2] . In recent years it has been recognized that columnar cell lesions have a possible role as precursor of low nuclear grade breast cancer [4] [5] [6] .
Multiple studies on chromosome 16 aberrations in breast cancer have shown an association between loss of the long arm of chromosome 16 [16q] and low-grade breast cancer [7] [8] [9] [10] [11] [12] [13] . These losses of chromosome 16q have also been reported in premalignant lesions, such as atypical ductal hyperplasia, low-grade ductal carcinoma in situ and lobular neoplasia [14] [15] [16] [17] [18] [19] [20] [21] [22] . Thereby, this chromosomal aberration is probably one of the first steps in low-grade carcinogenesis.
Several authors have investigated aberrations on chromosome 16 in columnar cell lesions by loss of heterozygosity analysis, (array) comparative genomic hybridization or fluorescent in situ hybridization [5, 6, [23] [24] [25] [26] . The results of these studies vary strongly (see Table 1 ), most likely due to the small number of tested lesions, different types of columnar cell lesions studied and use of different DNA probes, varying definitions of columnar cell lesions and inter-observer variability in diagnosing columnar cell lesions [27, 28] . In addition, the presence of whole-arm loss in columnar cell lesions was never reported, suggesting that these results might be incomplete.
Therefore, in this study we investigated in depth copy number changes of 21 genes on 16q and 6 genes on 16p in columnar cell lesions, and other lesions of the low-nucleargrade breast neoplasia family (atypical ductal hyperplasia, ductal carcinoma in situ, invasive ductal carcinoma, lobular neoplasia and invasive lobular carcinoma). In addition, high-nuclear-grade (pre)malignant lesions (ductal carcinoma in situ and invasive ductal carcinoma) and benign, columnar cell-like lesions (usual ductal hyperplasia and blunt duct adenosis) were analysed. To our knowledge, this is the first study investigating copy number changes of multiple genes on chromosome 16q (and 16p) in a relatively large group of columnar cell lesions with and without atypia, as well as related lesions. In addition, this is the first study describing the presence of whole-arm losses of 16q in columnar cell lesions.
Methods

Patient material
From formalin-fixed, paraffin-embedded breast resection specimens, tissue samples with columnar cell-like lesions (usual ductal hyperplasia and blunt duct adenosis), columnar cell lesions (with or without atypia) and atypical ductal hyperplasia (consisting of columnar cells with apical snouts and complex architecture, so probably originating form a columnar cell lesion) were collected between 1996 and 2013 at the Departments of Pathology of the University Medical Center, Utrecht, and St. Antonius Hospital Nieuwegein, The Netherlands. Vacuum biopsies and core needle biopsies were excluded. If present and available for DNA analysis, co-existing lesions such as lobular neoplasia, ductal carcinoma in situ and invasive carcinoma were also included. All ductal carcinoma in situ and invasive (a)CGH, (array) comparative genomic hybridization; CCL, columnar cell lesion; FISH, fluorescent in situ hybridization; LOH, loss of heterozygosity carcinoma subgroups (ductal carcinoma in situ/invasive ductal carcinoma grades 1, 2 and 3, tubular carcinomas and invasive lobular carcinoma non-pleomorphic type) were supplemented to groups of at least 10 cases each. The columnar cell lesions were graded according to the classification described by Schnitt and Vincent-Salomon [3] as columnar cell lesions without atypia and columnar cell lesions with atypia. Classification and grading of the invasive carcinoma [29, 30] , ductal carcinoma in situ [31] , atypical ductal hyperplasia [32] , usual ductal hyperplasia [33] and lobular neoplasia [34] was assessed by two experienced observers (PvD and MdB), according to the World Health Organization classification. For differentiation between lobular neoplasia and atypical ductal hyperplasia, e-cadherin immunohistochemical staining was used. Blunt duct adenosis was classified according to descriptions of Lerwill [35] and Brogi [36] , and our own experience.
A total of 165 lesions from 103 patients were included (Table 2) . Pure lesions were defined as either columnar cell lesions, columnar cell-like lesions (usual ductal hyperplasia and blunt duct adenosis) or atypical ductal hyperplasia, not associated with ductal carcinoma in situ or invasive carcinoma in the same resection specimen or in the prior biopsy. Furthermore, 28 independent cases of normal breast formalin-fixed, paraffin-embedded tissue obtained from breast reductions specimen or autopsies were taken along as control and were tested to set reference values for copy number gains and losses.
Anonymous use of leftover tissue for research purposes is part of the standard treatment agreement with patients in our hospitals [37] . Pathological reports were used to retrieve information on age and coexistence of malignancy.
DNA extraction and multiplex ligation-dependent probe amplification analysis
For detailed technical description of DNA extraction, PCR analysis and multiplex ligation-dependent probe amplification (MLPA) analysis, see supplementary methods. The P451-A1 probemix (MRC-Holland) was designed to contain 6 probes on the 16p arm and 28 probes on the 16q arm. The target genes for the MLPA probes were chosen using the information provided in the Atlas of Genetics and Cytogenetics in Oncology and Haematology (http://atlasgeneticsoncology.org/). Only genes on chromosome 16 associated with cancer or possibly implicated in cancer were chosen to be included. Probe coverage on chromosome 16 was designed to have an even distribution of probes along the chromosomal arm with an average of 7.2 MB for the p-arm and 1.6 MB for the q-arm (highest distance 7.4 MB for the p-arm and 7.3 MB for the q-arm).
Also, 16 reference probes were included. See Fig. 1 and Supplementary Table 1 for detailed description of the probe locations.
All samples were tested in duplicate, except for three samples, because of a shortage of DNA. Cutoff values for gains and losses per probe were defined by the mean copy number ratios of 58 MLPA tests of 28 independent cases of normal breast tissue ± 2 SD. All values below the lowest cut-off value were defined as losses, and those above the highest cut-off value were defined as gains. The stated cutoff values are listed in Supplementary Table 2. Three probes (CDH1 Exon 1, FOXF1 Exon 2, SPG7 Exon 3) were excluded from further analysis due to high SDs (> 0.13) in normal breast tissue.
Whole-arm loss was defined, as described before, as copy number loss of > 75% of all tested genes of one chromosomal arm [38, 39] . Whole-arm gain was defined as gain of > 75% of all tested genes of one chromosomal arm. 
Statistical analysis
Statistical calculations were performed using IBM SPSS for Windows version 20.0. Mann-Whitney test was used to compare copy number ratios of each individual gene between different lesions. Unsupervised hierarchical clustering was performed using the statistical programme R (http://www.r-project.org), version 3.0.1, packages: gplots, pvclust and snow. We used Euclidean distance and Spearman's correlation together with Ward's clustering method.
Results
Overall results
The overall results are summarized in Table 3 . The most commonly lost probes differed per lesion and no smallest region of overlap was found for the low-nuclear-grade breast neoplasia family.
Usual ductal hyperplasia
In usual ductal hyperplasia lesions, the average percentage of copy number changes was 18%. Losses on 16q were found in 11/13 lesions (85%), with a maximum of 6 probes (Fig. 2) . Nine lesions showed both gains and losses. Losses were only found in small clusters (with a maximum of three uninterrupted MLPA probe lost), separated by probes without copy number changes or single probes with gains.
Gains on 16p were found in 7/13 lesions (54%). There were no whole-arm changes.
Blunt duct adenosis
In blunt duct adenosis lesions, the average percentage of copy number changes was 19%. Losses on 16q were found in 10/10 lesions (100%), with a maximum of 8 probes per lesion (Fig. 2) . Six lesions showed both gains and losses. The losses were only found in small clusters (with a maximum of three probes), separated by probes without copy number changes or single probes with gains.
Gains on 16p were found in 6/10 lesions (60%). There were no whole-arm changes.
Columnar cell lesions without atypia
In columnar cell lesions without atypia the average percentage of copy number changes was 27%. Losses on 16q were found in 12/12 lesions (100%) (Fig. 3 ). CDH1 exon 11 was most commonly lost (7/12 = 58%). Two out of 12 Gains on 16p were found in 8 out of 12 lesions (67%) but none of these lesions fulfilled the criteria for whole-arm gain of 16p.
Columnar cell lesions with atypia
In columnar cell lesions with atypia, the average percentage of copy number changes was 40%. Losses on 16q were found in 11/11 lesions (100%) (Fig. 3) . SLC12A3 was most commonly lost (10/11 = 91%).Three out of 11 lesions (27%) fulfilled the criteria for whole-arm loss of 16q. In four lesions there were both gains and losses.
Gains on 16p were found in 6/11 lesions (55%) and one of these lesions fulfilled the criteria for whole-arm gain of 16p.
Atypical ductal hyperplasia
In atypical ductal hyperplasia lesions, the average percentage of copy number changes was 44%. Losses on 16q were found in 18/19 lesions (95%) (Fig. 3 ). CDH11 exon 3 and CDH1 exon 11 were most commonly lost (14/19 = 74%). Nine out of 19 lesions (47%) fulfilled the criteria for whole-arm loss of 16q. In five lesions, there were both gains and losses. In one case, gain of the first two tested genes on 16q adjacent to the centromere was associated with losses of other investigated genes on 16q.
Gains on 16p were found in 11/19 lesions (58%) but none of these lesions fulfilled the criteria for whole-arm gain of 16p.
Ductal carcinoma in situ grade 1
In ductal carcinoma in situ grade 1, the average percentage of copy number changes was 56%. Losses on 16q were found in 12/14 lesions (86%) (Fig. 4) . CDH1 exon 11, MLYCD exon 2 and FBXO31 were most commonly lost (11/14 = 79%). Eight out of 14 lesions (57%) fulfilled the criteria for whole-arm loss of 16q. In only one lesion there were gains as well as losses. Gains on 16p were found in 9/14 lesions (64%) and 1 of these lesions fulfilled the criteria for whole-arm gain of 16p.
Ductal carcinoma in situ grade 2
In ductal carcinoma in situ grade 2, the average percentage of copy number changes was 47%. Losses on 16q were found in 8/11 lesions (73%) (Fig. 4) . CDH1 exon 11 was most commonly lost (8/11 = 73%). Three out of 11 lesions (27%) fulfilled the criteria for whole-arm loss of 16q. In three lesions there were both gains and losses.
Gains on 16p were found in 9/11 lesions (82%) and 1 of these lesions fulfilled the criteria for whole-arm gain of 16p. In ductal carcinoma in situ grade 3, the average percentage of copy number changes was 49%. Losses on 16q were found in 9/10 lesions (90%) (Fig. 4) . FANCA exon 20 was most commonly lost (8/10 = 80%). One out of 10 lesions (10%) fulfilled the criteria for whole-arm loss of 16q. In six lesions there were both gains and losses. In one case gain of the first two tested genes on 16q adjacent to the centromere was associated with losses of other investigated genes on 16q. Gains on 16p were found in 8/10 lesions (80%) but none of these lesions fulfilled the criteria for whole-arm gain of 16p.
Invasive ductal carcinoma grade 1 and tubular carcinoma
Two types of low-grade invasive ductal carcinomas were included: tubular carcinomas and invasive ductal carcinoma grade 1. In invasive ductal carcinoma grade 1, the average percentage of copy number changes was 65% (Fig. 5) . Losses on 16q were found in 11/12 lesions (92%). CYLD was most commonly lost (10/12 = 83 %). Five out of 12 lesions (42%) fulfilled the criteria for whole-arm loss of 16q. In two lesions there were both gains and losses. In one case gain of the first two tested genes on 16q adjacent to the centromere was associated with losses of other investigated genes on 16q.
Gains on 16p were found in 11/12 lesions (92%) and three of these lesions fulfilled the criteria for whole-arm gain of 16p.
In tubular carcinomas, the average percentage of copy number changes was 64% (Fig. 5) . Losses on 16q were found in 10 lesions (10/11 = 91%). CYLD, MMP2, CDH11 exon 3 and FANCA exon 20 were most commonly lost (10/ 11 = 91 %). Six out of 11 lesions (55%) fulfilled the criteria for whole-arm loss of 16q. In one lesion there were both gains and losses.
Gains on 16p were found in 8/11 lesions (73%) and 3 of these lesions fulfilled the criteria for whole-arm gain of 16p. 
Invasive ductal carcinoma grade 2
In invasive ductal carcinoma grade 2, the average percentage of copy number changes was 58% (Fig. 6) . Losses on 16q were found in 10/11 lesions (91%). CYLD, WWOX exon 10 and FANCA exon 20 were most commonly lost (8/ 11 = 73%). Four out of 11 lesions (36%) fulfilled the criteria for whole-arm loss of 16q. In three lesions there were both gains and losses.
Gains on 16p were found in 9/11 lesions (82%) and 3 of these lesions fulfilled the criteria for whole-arm gain of 16p.
Invasive ductal carcinoma grade 3
In invasive ductal carcinoma grade 3, the average percentage of copy number changes was 63% (Fig. 6) . Losses on 16q were found in 8/10 lesions (80%). CDH11 exon 8 and 3, ZFHX3 and MLYCD exon 3 were most commonly lost. Three out of 10 lesions (30%) fulfilled the criteria for whole-arm loss of 16q. In five lesions there were both gains and losses. In one lesion there was polysomy of whole chromosome 16. Gains on 16p were found in 9/10 lesions (90 %) and 2 of these lesions fulfilled the criteria for wholearm gain of 16p.
Lobular neoplasia and invasive lobular carcinoma
In lobular neoplasia, the average percentage of copy number changes was 53% (Fig. 7) . Losses on 16q were found in 10/ 11 lesions (91%). SLC12A3 was most commonly lost (9/11 = 82 %), closely followed by MMP2, CDH11 exon 3, CDH1 exon 11, MYCD exon 2, SPG7 and FANCA exons 43 Gains on 16p were found in 6/11 lesions (55%) but none of these lesions fulfilled the criteria for whole-arm gain of 16p.
In invasive lobular carcinoma, the average percentage of copy number changes was 73% (Fig. 7) . Losses on 16q were found in 10/10 lesions (100%). MMP2, SLC12A3, CDH1 exons 11 and 14, WWOX exon 10, MLYCD exon 2 and FANCA exon 20 were most commonly lost. Eight out of 10 lesions (80%) fulfilled the criteria for whole-arm loss of 16q. There were no lesions with both gains and losses on 16q.
Gains on 16p were found in 6/10 lesions (60%) and 1 of these lesions fulfilled the criteria for whole-arm gain of 16p.
Comparison of 16q losses between lesion categories
The percentages of 16q losses over the spectrum usual ductal hyperplasia, blunt duct adenosis, columnar cell lesion without atypia, columnar cell lesion with atypia, atypical ductal hyperplasia and ductal carcinoma in situ grade 1 gradually increased as shown in Fig. 8a . In ductal carcinoma in situ grade 1, invasive ductal carcinoma grade 1, tubular carcinoma and lobular neoplasia the percentages of losses were similar. Invasive lobular carcinoma had the highest percentage of loss on 16q.
Although whole-arm losses were not found in usual ductal hyperplasia and blunt duct adenosis lesions, there was an increase in whole-arm losses of 16q from columnar cell lesion without atypia, to columnar cell lesion with atypia and atypical ductal hyperplasia (Fig. 8b) . In atypical ductal hyperplasia, ductal carcinoma in situ grade 1, Fig. 7 Gains and losses by multiplex ligation-dependent probe amplification in genes on chromosome 16 in invasive lobular carcinomas and lobular neoplasia. ILC, invasive lobular carcinoma; LN, lobular neoplasia invasive ductal carcinoma grade 1 and tubular carcinoma the percentages of 16q whole-arm losses were similar, ranging from 42% to 57%. The highest percentage of whole-arm losses was found in invasive lobular carcinoma (80%).
Lesions not fulfilling whole-arm loss
In benign lesions (usual ductal hyperplasia and blunt duct adenosis), losses were only found in small clusters (with a maximum of three uninterrupted MLPA probe lost), separated by probes without copy number changes or single probes with gains. A maximum losses of eight probes per lesion (in blunt duct adenosis) was found. In 34 other lesions, the number of losses was between 9 and 18, thereby having more losses compared with the benign lesions, but not fulfilling the criteria for whole-arm loss. These cases included three columnar cell lesions with atypia, three atypical ductal hyperplasia lesions, three ductal carcinoma in situ grade 1 lesions, four tubular carcinomas, two invasive ductal carcinomas grade 1, three lobular neoplasias and two invasive lobular carcinomas. In almost all of these cases, losses were spread across the whole-arm, interspersed with small areas without copy number changes. In one ductal carcinoma in situ grade 1, there was loss of a contiguous region between CDH1 exon 11 and FBXO31, suggestive for partial arm loss.
Breakpoints on 16q
In 65% of cases with whole-arm losses, the breakpoint seemed to be around the centromere (between VKORC1 and VPS35), and in 18% between ABCC12 and CYLD. In three cases (atypical ductal hyperplasia, invasive ductal carcinoma grade 1 and ductal carcinoma in situ grade 3) with this breakpoint, there was gain of VPS35 and ABCC12.
Comparison of 16p gains between lesion categories
In contrast to 16q losses, there was no increase in percentage of 16p gains or 16p whole-arm gains in the low-grade carcinogenesis sequence from columnar cell lesions to atypical ductal hyperplasia, low-grade ductal carcinoma in situ and low-grade invasive carcinoma (Fig. 8c) . In total, there were 16 cases with whole-arm gain of 16p, of which 11 were associated with whole-arm loss of 16q (69%).
Pure lesions and lesions associated with neoplasia
There was a nonsignificant difference between the mean copy number ratios of all pure and neoplasia associated lesions (measured in the whole group of usual ductal Fig. 8 Trends in copy number changes in low-grade breast carcinogenetic spectrum. a Increasing frequency of 16q losses over the lowgrade breast carcinogenetic spectrum. b Increasing frequency of 16q whole-arm loss over the low-grade breast carcinogenetic spectrum. c No trend of increasing 16p gains over the low-grade breast carcinogenetic spectrum. ADH, atypical ductal hyperplasia; BDA, blunt duct adenosis; CCL−, columnar cell lesion without atypia; CCL+, columnar cell lesion with atypia; DCIS, ductal carcinoma in situ; IDC, invasive ductal carcinoma; ILC, invasive lobular carcinoma; LN, lobular neoplasia; TubCa, tubular carcinoma; UDH, usual ductal hyperplasia hyperplasia, blunt duct adenosis, columnar cell lesion without atypia, columnar cell lesion with atypia and atypical ductal hyperplasia). Also, the mean copy number ratios of columnar cell lesions with atypia and atypical ductal hyperplasia lesions were similar between the pure group and the neoplasia associated group. Clustering with Euclidian distance and Spearman's correlation did not yield clusters of pure and malignancy-associated lesions.
Comparison of different lesions within the same patient
We tested eight columnar cell lesions without atypia, associated with (pre)malignant lesions in the same breast (Fig. 9) . In two cases (patient 27 and patient 87), the columnar cell lesion without atypia revealed whole-arm loss. In these cases the copy number pattern was similar in the (pre)malignant lesions from the same breast (tubular carcinoma and lobular neoplasia, respectively), although both just did not fulfil the criteria for whole-arm loss. In two other cases (patients 34 and 44) there were fewer losses in the columnar cell lesion, but the losses in the columnar cell lesion were also found in the related (pre)malignant lesions (ductal carcinoma in situ grade 2, invasive ductal carcinoma grade 2 and invasive lobular carcinoma, respectively). In three cases (patients 39, 63 and 54) the columnar cell lesion had a very low rate of copy number changes with no striking similarities between these changes and the copy number changes of the associated (pre)malignant lesions.
Further, copy number changes were compared between eight cases of columnar cell lesion with atypia associated with other (pre)malignant lesions in the same breast (Fig. 10) . In all three atypical columnar cell lesion cases with whole-arm loss (patients 4, 32 and 76), there was also whole-arm loss in the associated (pre)malignant lesion (ductal carcinoma in situ grade 1, atypical ductal hyperplasia and tubular carcinoma, respectively). On the other hand, in patient 4 the tubular carcinoma did not show whole-arm loss and was probably not related to the associated columnar cell lesion and ductal carcinoma in situ Fig. 9 Comparison of columnar cell lesions without atypia and concomitant (pre)neoplastic lesions within the same breast. Comparison of 16p and 16q copy number changes by multiplex ligation-dependent probe amplification in columnar cell lesions without atypia and concomitant (pre)neoplastic lesions within the same breast, showing many similarities. ADH, atypical ductal hyperplasia; BDA, blunt duct adenosis; CCL−, columnar cell lesion without atypia; DCIS, ductal carcinoma in situ; IDC, invasive ductal carcinoma; ILC, invasive lobular carcinoma; LN, lobular neoplasia; TubCa, tubular carcinoma; UDH, usual ductal hyperplasia grade 1. In one other case (patient 77) there were fewer losses in the columnar cell lesion, but the losses corresponded to the associated atypical ductal hyperplasia. Patient 79 had a columnar cell lesion with a few gains on 16q. The associated ductal carcinoma in situ grade 3 had corresponding and additional gains. Patient 45 had a columnar cell lesion and invasive ductal carcinoma grade 2, both with whole-arm 16p gain. In two cases (patients 13 and 84), only some of the copy number changes present in the columnar cell lesion were also found back in concomitant (pre)malignant lesions.
Next, seven cases of atypical ductal hyperplasia with concomitant other (pre)malignant lesions in the same breast were analysed (Fig. 11) . One out of three atypical ductal hyperplasia lesions with 16q whole-arm loss (patient 57) was associated with invasive ductal carcinoma grade 3 with 16q whole-arm loss. Patient 9 had atypical ductal hyperplasia with 16q whole-arm loss and invasive lobular carcinoma with extensive 16q loss but not fulfilling the criteria for whole-arm loss. Patient 63 had atypical ductal hyperplasia with whole-arm loss, but ductal carcinoma in situ grade 2 and invasive ductal carcinoma grade 3 with losses only at the distal part of 16q. Patient 62 had both atypical ductal hyperplasia and ductal carcinoma in situ grade 1. The atypical ductal hyperplasia revealed fewer losses on 16q but all losses were also found in the ductal carcinoma in situ lesion. In patient 67 the copy number changes (both gains and losses) of atypical ductal hyperplasia only partly corresponded to the copy number changes of the concomitant invasive lobular carcinoma. Lastly, there were no similarities between atypical ductal hyperplasia and ductal carcinoma in situ lesions (grade 1 and grade 3) in two patients (patients 41 and 82).
Discussion
It is now widely accepted that invasive breast cancer progresses from early, non-cancerous breast lesions in multiple, parallel pathways [4, 40] , and columnar cell This study investigated chromosome 16 copy number alterations in columnar cell lesions, atypical ductal hyperplasia and associated lesions of the breast by MLPA, circumventing whole-genome-amplification protocols, in order to minimize technical artefacts. The underlying aim was to support the precursor role of columnar cell lesions in lownuclear-grade breast carcinogenesis, and to clarify the role of columnar cell lesions without atypia, blunt duct adenosis and usual ductal hyperplasia in breast carcinogenesis.
MLPA is an easy and fast method to identify copy number changes of multiple genes, even in fragmented DNA, by a single PCR-based reaction [41] . The concordance between MLPA and other molecular techniques such as array-comparative genomic hybridization and fluorescent in situ hybridization has been confirmed in the past [42, 43] . Nevertheless, this study has its limitations and assumptions. One of the issues we faced during this study was the relatively low DNA content of the smaller lesions and lesions with prominent stroma, such as columnar cell lesion, lobular neoplasia and blunt duct adenosis. In these cases we could have missed gains and losses because of the admixture of normal DNA.
We defined whole-arm loss as > 75% loss of the residing genes/probes. This is a generally accepted cut-off value, which has been used previously in array-comparative genomic hybridization [39] and MLPA [38] experiments. The retained presence of some probes (< 25%) could be explained by the normalization process. Normalization was done in a probe-specific manner and the cut-off values for loss and gain were determined per probe, based on the MLPA ratio variation in normal breast tissue (see Supplementary Table 2 ). Together with the varying relative DNA content, this could also explain the subtle differences between related lesions.
The frequencies of 16q whole-arm losses detected with MLPA in invasive lobular carcinoma and invasive ductal carcinoma grade 1 were similar to previous arraycomparative genomic hybridization results [12, 44] , corroborating our MLPA approach. None of our tested usual ductal hyperplasia and blunt duct adenosis lesions showed whole-arm losses of 16q. This confirms that, although some ADH, atypical ductal hyperplasia; BDA, blunt duct adenosis; CCL−, columnar cell lesion without atypia; DCIS, ductal carcinoma in situ; IDC, invasive ductal carcinoma; ILC, invasive lobular carcinoma; UDH, usual ductal hyperplasia authors considered blunt duct adenosis to be a synonym of columnar cell lesion (without atypia) [45] [46] [47] or a growth pattern of columnar cell lesions [48] , this lesion seems to be a separate entity and no precursor lesions of low-grade breast neoplasia. And this underlines the importance of morphologically discriminating blunt duct adenosis from columnar cell lesion.
Seventeen percent of the columnar cell lesions without atypia and 27% of columnar cell lesions with atypia showed whole-arm loss of chromosome 16q. In addition, three more columnar cell lesions with atypia had more losses compared with the benign columnar cell lesion-like lesions, but just did not fulfil the criteria for whole-arm losses. It is possible, given the small lesion size and abundance of surrounding stroma, that we missed whole-arm loss in these cases, caused by intermixture of normal DNA. Taking these lesions into account, it leads to a total of 54% of columnar cell lesions with atypia with significant losses on 16q. This result is in line with previously obtained results (40-70% loss) by (array) comparative genomic hybridization (see Table 1 ) [6, 26] .
These frequent whole-arm losses in columnar cell lesions with and without atypia, and the coexistence of columnar cell lesion with more advanced (pre)malignant lesions with similar losses, support a precursor role of columnar cell lesions in low-grade breast neoplasia. There were only sporadic cases in which the number of lost probes was lower in the more advanced lesion compared to the columnar cell lesion. For example, in case 87, the lower number of losses in the lobular neoplasia could be explained by the small size of the lesion and admixture of normal DNA. Although whole-arm loss could not be demonstrated in this lobular neoplasia, given the distribution of the lost probes, it is plausible we missed whole-arm loss in this case.
Further, there was no influence of concomitant neoplasia on the presence of copy number changes on chromosome 16q, implying that these losses are true carcinogenetic events and not just the result of field effects.
As expected and known from the literature our study did not find a smallest region of overlap or a hint towards the existence of specific tumour suppressor genes on 16q. Although, we found evidence for a breakpoint near the centromere, not previously described. In 65% of cases with whole-arm losses, the breakpoint was between VKORC1 and VPS35, and in 18% between ABCC12 and CYLD. In three cases (atypical ductal hyperplasia, invasive ductal carcinoma grade 1 and ductal carcinoma in situ grade 3) with this breakpoint, there was gain of VPS35 and ABCC12, making it unlikely that losses of ABCC12 and VPS35 have a major role in low-grade breast carcinogenesis.
Gains of single probes on chromosome 16p were frequently seen but whole-arm gains were relatively rare. In addition, there was no relation between whole-arm gains on 16p and progression in the low-grade breast neoplasia family. Previously, higher frequencies of 16p gains were described in tubular carcinoma and invasive lobular carcinoma (39% and 42-54%, respectively) [13, 44, 49, 50] . These differences can be explained by the fact we only included whole-arm gains and no partial arm gains and by the use of different (less specific) techniques before. Overall, our results implicate that 16p does not have a major role in early low-grade breast carcinogenesis.
In cases with significant losses, not fulfilling the definition of whole-arm loss, the losses appeared to be spread fairly randomly across the whole 16q arm. Clear segmental loss in low-grade breast neoplasia was only found once in a ductal carcinoma in situ grade 1. Thereby, no smallest regions of overlap were found, and no driver genes could be identified. This is in line with previous studies [8, 51, 52] . Therefore, the carcinogenetic effect of 16q might be due to a multitude of mechanisms. Haploinsufficiency of genes residing on chromosome 16q has been shown to be of interest in the early steps of breast carcinogenesis [39] . However, the interpretation of these results is complicated by the finding that the copy number status of genes on 16q is not necessarily reflected on the protein expression level [53] . This is further sustained by findings of Rakha et al. [54] and Cleton-Jansen et al. [55] focussing on CTCF and NQO1. Noteworthy and in line with these findings, our study supports this missing effect. Of the atypical ductal hyperplasia cases with wholearm 16q losses, including the E-Cadherin locus, a normal membranous E-Cadherin expression could be observed in all investigated cases.
Also in invasive breast cancer, the loss of 16q has repeatedly been shown to be associated with the gain of 1q [56] with a clear impact on the mRNA expression levels of the respective genes [39] . The interplay of these genes is completely unknown. A new perspective, complicating the present knowledge, has been added by the association of non-16q-located single-nucleotide polymorphisms associated with chromosomal 16q losses [57] . It therefore seems likely that a multitude of genes located on chromosome 16q, 1q or single-nucleotide polymorphisms associated with these alterations, with unknown interplay, contribute to the evolution of low-grade breast cancer, rather than major events in a few key genes.
In conclusion, columnar cell lesions (with and without atypia) often harbour whole-arm losses of 16q, which emphasizes their role as precursors in low-grade breast carcinogenesis, in contrast with usual ductal hyperplasia and blunt duct adenosis. However, no recurrent losses in specific genes could be identified, pointing to minor events in multiple tumour suppressor genes rather than major events in a single 16q gene contributing to low-grade breast carcinogenesis.
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